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Inversion layers of 2 mm and 30 mm thickness were formed at the negative dipole-end (2c) face
of a Z-cut LiTaO3 crystal plate by proton exchange followed by heat treatment. The phase velocities
of leaky surface acoustic waves ~LSAWs! on both the positive (1c) and negative (2c) faces of the
plate were measured by line-focus acoustic microscopy versus the angle of propagation, at a
frequency of 225 MHz, and the results were compared with theoretical predictions. It is shown that
for an inversion layer of 30 mm thickness the phase velocities of LSAWs on the 1c and 2c faces
are the same, and almost equal to the velocities of the virgin plate. This suggests that the material
constants, which are decreased due to the proton exchange, are restored to the original values by the
heat treatment. © 1997 American Institute of Physics. @S0021-8979~97!03910-8#I. INTRODUCTION
Domain inversion phenomena of LiNbO3 and LiTaO3
have been investigated in some detail in recent years.1–5 In
the inversion regions, the odd rank tensors, which represent
piezoelectric, pyroelectric and nonlinear optic constants,
change sign. This feature offers the possibility of applica-
tions of domain inversion in various fields, such as piezo-
electric and surface acoustic wave devices,6–8 optical second
harmonic generation devices9,10 and pyroelectric detectors.11
For LiTaO3, the local ferroelectric domain inversion oc-
curs at the 2c face of the plate when the plate is subjected to
proton exchange and then heat treated at temperatures below
the Curie point.2,3 Proton exchange is known as a method for
fabricating optical waveguides on LiNbO3 and LiTaO3
crystals.12,13 The process results in a layer of a new crystal-
line structure, HxLi12xNbO3 or HxLi12xTaO3, with a large
increase of extraordinary refractive index. It has been re-
ported that the proton-exchange process leads to a large
change of the velocity of surface acoustic waves ~SAWs! on
LiNbO3 ~Refs. 14–18! and LiTaO3.19 Specifically, it has
been reported that the elastic constants of the proton-
exchanged regions of LiNbO3 are decreased17,18 and the pi-
ezoelectric property is reduced to near zero in Y -cut
LiNbO3 ~Ref. 15! and to 39% in 128°-rotated Y -cut
LiNbO3.18 However it has also been reported that annealing
restores the piezoelectric property and results in changes of
the acoustic velocity,14,15,18 but that saturation occurs after
about 1 h of annealing time.18 Tada et al.20 have shown that
for LiTaO3 the variation of the refractive index changes to a
Gaussian profile after annealing for 5 h at 400 °C, similar to
that of proton-exchanged LiNbO3.
In this article, a proton-exchanged LiTaO3 plate is
heated to a higher temperature, which gives rise to domain
inversion on the 2c face of the plate. We investigate the
related changes of the acoustic properties by the use of line-
focus acoustic microscopy. It can be shown that there is no
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treatment at about 590 °C. Since the fabrication of the inver-
sion domain of LiTaO3 is based on the proton-exchange/heat
treatment process, it is important to know the influence of
this process on the acoustic properties of the inversion re-
gions.
Line-focus acoustic microscopy ~LFAM! is a useful
technique to determine the elastic constants of bulk materials
and thin films deposited on a substrate,21–25 and to investi-
gate the elastic properties of piezoelectric wafers.26,27 The
technique is based on the measurement of the V(z) curve,
which is the transducer output voltage V as a function of the
distance between the focal line and the specimen surface.
Both the phase velocity and the attenuation of a leaky sur-
face acoustic wave ~LSAW! can be determined from the pe-
riodic variation of the V(z) curve. As reported in this article
the phase velocities of the LSAWs of Z-cut LiTaO3 plates
with an inversion layer were measured by LFAM to investi-
gate the acoustic properties of the inversion regions.
II. THEORETICAL CONSIDERATIONS
A. V(z) measurement model
A V(z) measurement model for nonpiezoelectric
anisotropic-layer/anisotropic-substrate configurations for the
line-focus acoustic microscope was described in Ref. 28. The
model showed excellent agreement with experimental
results.28 According to the V(z) measurement model, the
output voltage of the transducer may be expressed as
V~z !5E
2`
1`
L1~kx!L2~kx!R~kx!exp~ i2kzz !dkx , ~1!
where kz5Akw22kx2, and kw is the wave number in the cou-
pling fluid ~water!. Here L1(kx) is the angular spectrum at
the focal plane in water generated by an acoustic wave in the
buffer rod, L2(kx) is the voltage response of the transducer
when a plane wave insonifies the lens, and R(kx) is the re-
flectance function of the fluid-specimen interface.81(10)/6616/6/$10.00 © 1997 American Institute of Physics
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A detailed description and discussion of L1(kx) and
L2(kx) can be found in Ref. 28, where integral expressions
as well as numerical calculations were presented.
B. Reflectance function of layered piezoelectric solids
For fluid-loaded nonpiezoelectric anisotropic substrates
and for fluid-loaded layered nonpiezoelectric anisotropic
substrates, Nayfeh has proposed a numerical approach to cal-
culate the reflectance function R(kx).29 That approach is ex-
tended here to calculate the reflectance function for a water-
loaded piezoelectric layer deposited on a piezoelectric
substrate, as shown in Fig. 1~a!. A plane wave with wave
vector kw and phase velocity vw is incident on the specimen
with an incident angle u . The elastic constants ci jkl
E
(i , j ,k ,l51,2,3), piezoelectric constants ei jk , and dielectric
constants « i j , are transformed from the crystal coordinate
system X , Y , Z to the x1, x2, x3 ~or x ,y ,z) coordinate system
by a Euler transformation.30
In the piezoelectric medium the differential equation for
displacements, ui , and the electric potential, w , are given as
follows31
ci jkl
E uk ,li1eki jw ,ki5ru¨ j , ~2!
eikluk ,li2« ik
S w
,ki50. ~3!
The piezoelectric constitutive equations are
Ti j5ci jkl
E Skl2eki jEk , ~4!
Di5eiklSkl1« i j
S Ek , ~5!
and
Si , j5 12 ~ui , j1u j ,i!, ~6!
FIG. 1. ~a! Incident wave and geometry of water-loaded single-layer/ sub-
strate configuration. ~b! Water-loaded LiTaO3 substrate with an inversion
layer (Ps : spontaneous polarization!.J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
Downloaded¬05¬Nov¬2008¬to¬130.34.135.83.¬Redistribution¬subjeEi52w ,i , ~7!
where Ti j are the stress components, Di the electric displace-
ments, Si j the strain components and Ei the electric field
components in the quasielectrostatic approximation. The
general solutions of Eqs. ~2! and ~3! are
ui5 (
n51
8
Anb in exp@ ij~x11anx32vt !# , ~8!
w5 (
n51
8
Anb4n exp@ ij~x11anx32vt !# , ~9!
where j5kw sin u, v5vw /sin u, and jan is the wave num-
ber in direction x3, b in are constants associated with an , and
An are unknown coefficients that will be determined by
boundary conditions. Upon substitution of Eqs. ~8! and ~9!
into Eqs. ~4!–~7!, the displacements, the stress components
on a surface normal to x3, the electric potential and the nor-
mal electric displacement in the layer may be written as
3
u1
u2
u3
w
T33
T13
T23
D3
4 5@ML~x3!#3
A1
A2
A3
A4
A5
A6
A7
A8
4 . ~10!
Beginning with Eq. ~10!, the term exp@ij(x12vt)# was
omitted. In the substrate, using the same procedure, the cor-
responding relations are
3
u1
u2
u3
w
T33
T13
T23
D3
4 5@MS~x3!#3
B1
B2
B3
B4
0
0
0
0
4 . ~11!
Here @ML(x3)# and @MS(x3)# are 838 matrices that can
easily be derived from Eqs. ~4!–~9!, but they are not listed
here for brevity. The coefficients Bn (n55,6,7,8) are set
equal to zero in order to satisfy the outgoing wave condition.
The terms in column vectors on the left-hand sides of Eqs.
~10! and ~11! do not all have the same physical dimension.
The dimensions of the corresponding terms in the matrices
@ML(x3)# and @MS(x3)# are, however, such that the actual
equations corresponding to Eqs. ~10! and ~11! have the
proper dimensions on both sides of the equality signs. It
might be added that in the numerical work all quantities are
made dimensionless.6617Tourlog, Achenbach, and Kushibiki
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At the interface between the layer and the substrate,
x35h , the displacements ui , stress components Ti3, electric
potential w and electric displacement D3 are continuous, that
is,
@ML~h !#3
A1
A2
A3
A4
A5
A6
A7
A8
4 5@MS~h !#3
B1
B2
B3
B4
0
0
0
0
4 . ~12!
It follows that at x350 the displacements, the stress compo-
nents, the electric potential and the electric displacement
may be written as
3
u1
u2
u3
w
T33
T13
T23
D3
4
x350
5@N#3
B1
B2
B3
B4
0
0
0
0
4 , ~13!
where
@N#5@ML~0 !#@ML~h !#21@MS~h !# . ~14!
For an incident and reflected wave in water, the normal
displacement and the normal stress at x350 are
F u3T33G
x350
5F cos ui G1F2cos ui GR , ~15!
FIG. 2. Comparison of calculated and measured V(z) curves for virgin
ZX LiTaO3 ( f5225 MHz!.6618 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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tivity of water, the normal electric displacement D3 at
x350 may be expressed by
D3ux35052«wj@N41N42N43N44#F B1B2B3
B4
G , ~16!
where «w is the dielectric constant of water.
At the interface between water and the layer (x350)
u3, Ti3 , and D3 must be continuous, which leads to the
following set of equations using Eqs. ~13!, ~15!, and ~16!:
F cos ui00
0
G5F N31 N32 N33 N34 cos uN51 N52 N53 N54 2iN61 N62 N63 N64 0N71 N72 N73 N74 0
N818 N828 N838 N848 0
GF B1B2B3B4
R
G ,
~17!
where N8n8 5N8n1«wjN4n (n51,2,3,4). The reflection co-
efficient R , which is the reflectance function R(kx) for
kx[j5kw sin u, is then obtained by solving Eq. ~17!.
FIG. 3. ~a! Calculated phase velocities of LSAWs on Z-cut LiTaO3 as a
function of propagation angle from X axis, c , and thickness of the inversion
layer, h . ~b! Variation of the phase velocity with inversion layer thickness at
c50° and c530° ( f5225 MHz!.Tourlog, Achenbach, and Kushibiki
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C. V(z) curve of Z-cut LiTaO3
Next, let us consider a Z-cut LiTaO3 crystal with an
inversion layer of thickness h at the 2c face, as shown in
Fig. 1~b!. If there is no influence of the proton-exchange and
heat treatment processes on the material constants of the in-
version regions, then the elastic constants of the inversion
regions are identical to those of the original crystal, and the
piezoelectric constants are opposite in sign.
The V(z) curve for a virgin ZX LiTaO3 plate calculated
by Eq. ~1! is shown in Fig. 2 by the solid line. Material
constants used in this numerical calculation were taken from
the work of Warner et al.32
III. EXPERIMENTAL WORK
A Honda AMS-5000 ultrasonic measurement system
with a line-focus acoustic lens operating at 225 MHz was
used to measure the velocities. Two-in.-diam and 0.5-mm-
thick optical-grade single-domain Z-cut LiTaO3 crystal wa-
fers polished on both faces were used in the experiments.
Eight 6 mm37 mm rectangular specimens were sectioned
from the centers of the wafers. The velocity of the LSAW
was measured at the center of the specimens. The curie tem-
perature of the wafers is about 604 °C.
For virgin LiTaO3 the measured V(z) curve in the X
direction (c50°) is shown in Fig. 2 by the dashed line for
comparison with the calculated curve.
TABLE I. Phase velocities of the Z-cut LiTaO3 plates. ~PE: proton ex-
change, heat: heat treatment.!
Velocity Velocity
Angle c 1c 2c
Process Method ~deg! ~m/s! ~m/s!
Virgin calculated 0 3202.90 3202.90
~unprocessed! 30 3318.46 3318.46
measured 0 3199.060.4 3199.060.4
~average! 30 3309.960.5 3309.960.5
PE measured 0 3125.41 3138.23
30 3209.23 3232.13
PE1heat measured 0 3197.30 3196.86
h'30 mm (# 1! 30 3307.33 3306.82
measured 0 3197.44 3197.89
(# 2! 30 3307.36 3307.46
measured 0 3197.01 3196.53
(# 3! 30 3306.66 3306.44
measured 0 3195.86 3195.42
(# 4! 30 3306.28 3305.84
measured 0 3197.01 3196.59
(# 5! 30 3307.36 3306.92
average 0 3196.960.4 3196.760.5
30 3307.060.4 3307.060.4
PE1heat measured 0 3194.04 3191.95
h'2 mm 30 3300.44 3285.08
calculated 0 3202.90 3195.18
30 3318.46 3290.01
Heat only measured 0 3197.09 3196.98
30 3307.42 3307.37J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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of benzoic acid for 6 h at 220 °C. The subsequent heat treat-
ment was carried out in air. To get the desired thickness of
the inversion layer, the temperature and time both for rising
to the treatment temperature and for treatment were varied;
see Refs. 2, 3, and 33. In this study, specimens with an
inversion layer of about 30 mm and 2 mm were used. It can
be shown using a rutile prism coupler that the optical
waveguides disappear on both surfaces after the heat treat-
ment, which indicates that there is no longer a higher ex-
traordinary refractive index layer on the surfaces of the
plates.
IV. RESULTS AND DISCUSSION
A. Theoretical phase velocities
By V(z) curve analysis, the velocity of LSAWs can be
calculated from21
v5
vw
A12@12~vw /2fDz !#2
, ~18!
where vw is the wave velocity in water (vw51490 m/s!, f is
the operating frequency, and Dz is the periodic dip interval
of the V(z) curve.
The phase velocities of LSAWs on a Z-cut LiTaO3 plate
with an inversion layer were calculated using the V(z) mea-
surement model. Figure 3 shows the phase velocities of
LSAWs on Z-cut LiTaO3 as a function of the angle, c , from
the X axis, and the thickness of the inversion layer, h . The
calculation was carried out at a frequency of 225 MHz. For
thin layers dispersion of the LSAWs occurs due to an
electric-field short-circuiting effect on the interface of the
layer and the substrate.34 Similar results were also found in
Y -cut LiTaO3 and LiNbO3 substrates in air.35,36 For c50°
and c590° ~or 30°) the velocity as a function of h is shown
in Fig. 3~b!. The velocities decrease with increasing h . When
the inversion layer is thick enough, h.25 mm, the velocities
return to those of LSAWs on virgin plates. Thus, the veloci-
ties on the 2c face are identical to those on the 1c face
when the inversion layer is thicker than 25 mm.
B. Measured phase velocities
The accuracy of the experimental procedure was estab-
lished as 0.005%; see, for example, Refs. 26 and 27. For
wave speeds of the order of 3200 m/s, this corresponds to
0.16 m/s. In addition there are variations due to the inhomo-
geneity of the material,26,27 and hence the eight specimens
produce slightly different wave speeds. For the virgin wafer
Table I lists the average phase velocity for the eight speci-
mens together with the maximum deviations. Thus these
maximum deviations include both the measurement error and
the effect of inhomogeneity.
The differences between the velocities of the 1c and
2c faces are within 60.5 m/s.6619Tourlog, Achenbach, and Kushibiki
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Figure 4 shows the variation of measured velocities with
angle c for one of the specimens compared to the calculated
results. Both calculated and measured velocities for c50°
and c530° are also listed in Table I. The measured veloci-
ties of the virgin specimens are a little lower than the calcu-
lated ones especially at c530°. As compared to the virgin
material, the velocities in the proton-exchanged regions of
the 2c face are reduced by about 2% and 3% at c50° and
c530°, respectively; see the row labeled PE in Table I.
Because of nonuniform heating on both sides of the plate
during the proton exchange, the thickness of the proton-
exchanged layers may be different. Consequently, the veloci-
ties at both sides are different.
For the specimens with an inversion layer of about 30
mm, which were heat treated for 3 h at about 587 °C, the
velocities of the 1c and 2c faces are also listed in Table I.
The numbers in Table I represent five specimens. The differ-
ences between the velocities of the 1c and 2c faces are
about 60.5 m/s. This shows that the material constants are
almost the same on both faces of the plate. The average
phase velocities for the five specimens are also listed to-
gether with the maximum deviations. The velocities are a
little lower (0.06% and 0.09%) than the velocities of the
virgin plate. It is likely that out-diffusion of Li2O occurs
during the heat treatment. In order to confirm this, a virgin
specimen was heat treated under the same conditions but
without proton exchange. The measured velocities at both
the 2c and 1c faces of this plate are equal to those of the
plates with an inversion layer of 30 mm and those results are
also listed in Table I. To prevent out-diffusion of Li2O, water
vapor should be added to the atmosphere of the gases.
The measured velocities of the specimen with an inver-
sion layer of 2 mm are also listed in Table I, but only the
measured and calculated velocities at the 2c face are shown
in Fig. 4. The plate was heat treated for 5 h to reach 590 °C
and then was kept for 1 h at 590 °C. Since there is a thin
inversion layer of 2 mm on the 2c face, the velocities at the
2c face are lower than those at the 1c face. The velocities
at the 1c face are a little lower than those on the plate with
an inversion layer of 30 mm because of the longer heat treat-
ment. The errors for these latter results are just the measure-
ment errors of 0.005%.
FIG. 4. Comparison of the measured and calculated directional variations of
the phase velocities for the Z-cut LiTaO3 plates ( f5225 MHz!.6620 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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The V(z) measurement model has been extended to a
thin piezoelectric layer on a piezoelectric substrate. The
phase velocities of Z-cut LiTaO3 plates with an inversion
layer were calculated by the model. The velocities of
LSAWs on both the 1c and 2c faces of Z-cut LiTaO3
plates, where the latter has an inversion layer, were measured
by LFAM. The measured velocities of the plate, with a thin
layer of 2 mm, show differences between the velocities on
the 1c face and 2c face, that confirm the theoretical values.
For a thickness of the inversion layer of 30 mm, the veloci-
ties on both faces are the same, in agreement with the calcu-
lated values. The latter results suggest that the material con-
stants of the inversion layers formed by proton exchange
followed by heat treatment have not changed significantly
from those of the virgin material, and that the elastic and
piezoelectric constants that are reduced due to proton ex-
change are restored by the heat treatment.
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